The UPF0016 family is a recently identified group of poorly characterized membrane proteins whose function is conserved through evolution and that are defined by the presence of 1 or 2 copies of the E-φ-G- -ATPase of the Golgi apparatus. We show here that acidic and polar uncharged residues of the consensus motifs play a crucial role in calcium tolerance and calcium transport activity and are therefore likely to be architectural components of the cation binding site of Gdt1p. Importantly, we confirm the essential role of the E53 residue whose mutation in humans triggers congenital disorders of glycosylation.
| INTRODUCTION
Transient changes in the intracellular free Ca 2+ concentration are induced by various stimuli in eukaryotic cells. Through these transient changes, calcium acts as a secondary intracellular messenger and regulates many cellular processes such as the cell cycle, transport, motility, or gene expression among others (Berridge, Bootman, & Roderick, 2003 (Cai & Lytton, 2004) . Although limited primary sequence similarity exists between the different families, the CaCA transporters share many structural and mechanistic similarities. Basically, they are defined by the presence of two highly conserved α-repeat regions within hydrophobic domains separated by a central hydrophilic loop rich in acidic residues (Cai & Lytton, 2004; Hirschi, 2001; Schwarz & Benzer, 1997) . The α-repeats were first described by Schwarz and Benzer (1997) as regions of 30-40 amino acids in an inverted orientation that display intramolecular homology in equivalent locations within both halves of the protein, likely originating from an ancient gene duplication event (Lolkema, Dobrowolski, & Slotboom, 2008) . Each α-repeat region contains one acidic residue (glutamate or aspartate) strictly conserved within the CaCA superfamily. This E/D was later shown to belong to a conserved signature motif specific to each of the five CaCA families (Cai & Lytton, 2004) .
In the ensuing decade, mutagenesis analyses revealed a common framework for the structure-function relationship of the CaCA transporters. Those studies highlighted the involvement of the α-repeats in the transport function of members of the NCX (Nicoll, Hryshko, Matsuoka, Frank, & Philipson, 1996) , NCKX (Winkfein et al., 2003) , and CAX families (Kamiya & Maeshima, 2004) . Acidic residues, hydrophilic residues, and alanine/glycine within these regions were suggested to be respectively implicated in the calcium binding, the creation of a hydrophilic microenvironment, and the flexibility of the exchanger. Interestingly, the α-repeats of the NCX family were later predicted to have a 3-D organization lining the ion transport pathway (Nicoll et al., 2007) . In contrast, the central acidic loop did not appear to be essential for calcium transport (Nicoll et al., 1996; Szerencsei et al., 2000) but would rather display regulatory properties. Ca 2+ binding domains, containing several acidic residues, were indeed identified within intracellular regions of the NCX members (Matsuoka et al., 1995) and of Vcx1p (the yeast member of the CAX family; Waight et al., 2013) We recently postulated that the UPF0016 family would constitute a new group of CaCA exchangers. Members of this family are widely distributed throughout kingdoms and species with a high degree of conservation . Bioinformatics analyses revealed the occurrence of three evolutionary states within the prokaryotic members of the UPF0016 family: (a) homodimers of single-domain proteins, each containing three predicted transmembrane spans, (b) heterodimers of single-domain proteins, encoded by two adjacent genes on the chromosome, or (c) two-domain proteins (Demaegd, Colinet, Deschamps, & Morsomme, 2014) . The twodomain proteins would derive from the single-domain precursors via gene duplication and subsequent gene fusion (Demaegd et al., 2014 (Demaegd et al., 2014) . Whether these regions play a role in Ca 2+ recognition and translocation remains unknown.
We reported that Gcr1 Dependent Translation factor 1 (Gdt1p) is a Ca 2+ transporter localized in the Golgi apparatus . Together with the Golgi-localized Ca 2+ -ATPase Pmr1p, they form two distinct pathways that ensure Ca 2+ homeostasis in the Golgi apparatus and in the cytosol. Gdt1p is required for Ca 2+ tolerance, for Ca 2+ response after applying an environmental osmotic shock, as well as for proper protein glycosylation (Colinet et al., 2016 (Schneider et al., 2016; Wang et al., 2016) . Furthermore, the transport of divalent cations by the Vibrio cholerae UPF0016 member MneA has been reported by Fisher, Wyckoff, Peng, and Payne (2016) . Interestingly, both CCHA1 and MneA were reported as playing an extra putative role in the regulation of Mn 2+ homeostasis (Fisher et al., 2016; Schneider et al., 2016; Wang et al., 2016) .
In this study, we mutated 17 residues by site-directed mutagenesis at strategic positions in the sequence of Gdt1p, namely, the 12 amino acids found in the repeated motifs, 4 acidic residues from the cytosolic loop, and the arginine at position 71. Two of those mutations, E53 and R71, are equivalent to residues found mutated in patients with TMEM165-CDG (Foulquier et al., 2012; Schulte Althoff et al., 2016) . To our knowledge, our study is the first one to provide insight into the molecular mechanism of Ca 2+ transport by the UPF0016 members. It additionally enables researchers to assess the impact of specific mutations found in TMEM165-CDG patients at the level of protein localization and function.
2 | RESULTS 2.1 | Alanine-scanning mutagenesis of the conserved repeated motifs and of four acidic residues of the cytosolic loop
Bioinformatics analyses revealed highly conserved regions among the members of the UPF0016 family (Demaegd et al., 2014) . Among others, sequence conservation is found in the two consensus motifs
, localized in TM1 and TM4. Interestingly, these motifs are both predicted to be two putative pore-lining helices by the bioinformatics tool MemSat-SVM (Nugent & Jones, 2012) . They are therefore likely to form the active core of the protein involved in the transport of substrates across the membrane. The central hydrophilic loop, demonstrated to be cytosolic (Demaegd et al., 2014) , is more heterogeneous in sequence but still contains 10 conserved acidic residues (glutamate or aspartate), which could be part of regulatory Ca 2+ -binding domains that are commonly found in the CaCA exchanger superfamily.
In order to assess the importance of those amino acids, we carried out an alanine-scanning mutagenesis of both conserved motifs, four conserved acidic residues of the cytosolic loop, and the arginine at position 71 localized in the small cytosolic loop between TM1 and TM2. In human, the residues E108 and R126, corresponding to E53
and R71 in yeast Gdt1p, were shown to cause TMEM165-CDG when mutated (Foulquier et al., 2012; Schulte Althoff et al., 2016) . The amino acid E108 is found in the first consensus motif and R126 in the loop between TM1 and TM2. R126 belongs to a lysosomal targeting motif YNRL, which plays a key role in the subcellular localization of TMEM165. Although this motif is absent in yeast, the arginine is well conserved and warrants analyzation. Because the role of Gdt1p in calcium tolerance and homeostasis is enhanced in a strain deleted for the Golgi-localized Ca 2+ -ATPase PMR1 (Colinet et al., 2016; Demaegd et al., 2013) , the mutated versions of GDT1 were introduced in the gdt1Δ/pmr1Δ genetic background. Figure 1 shows the 17 substitutions introduced in Gdt1p and their position within the protein.
| Insertion of the mutations does not affect the Golgi localization of Gdt1p
As a first step in the analysis of the mutants, we assessed the impact of the mutations on the subcellular localization of Gdt1p. To do so, we carried out co-immunolocalization experiments between each mutated version of Gdt1p and a HA-tagged version of the Golgi Ca
Pmr1p (Antebi & Fink, 1992 ) that was reported to exhibit a good colocalization with Gdt1p . Immunofluorescence microscopy revealed that all of the mutated forms of Gdt1p display a Golgi localization (Figure 2 ), indicating that the corresponding amino acids are not involved in the trafficking of Gdt1p to the Golgi apparatus.
| Acidic and polar uncharged residues of the repeated motifs of Gdt1p are involved in calcium tolerance
Similar to a strain lacking a functional copy of the Golgi Ca
Pmr1p, a gdt1Δ-mutant exhibits a greater sensitivity to an elevated external calcium concentration than a wild-type (WT) strain. We additionally observed that the growth defect is more severe upon the simultaneous deletion of both the PMR1 and GDT1 genes . This phenotype reflects either a toxic calcium concentration in the cytosol or a change in the calcium homeostasis in the Golgi apparatus that would impact cell growth.
Herein, we carried out a growth test based on the Ca 
| Calcium sensitivity is not due to the intrinsic instability of the Gdt1p mutants
The cellular abundance of the 17 mutants was evaluated by western blotting of total protein extracts using specific antibodies directed against Gdt1p. Coomassie blue-stained polyvinylidene fluoride membranes were used as a loading control. The results showed that protein abundance variations exist between the different mutants FIGURE 1 Site-directed mutagenesis of Gdt1p. The topology model of Gdt1p was predicted using the Memsat-SVM tool (Nugent & Jones, 2012) . The residues targeted for alanine substitution are the 12 amino acids that compose the two repeated motifs within the predicted TM1 and TM4, four conserved acidic residues of the cytosolic loop, and the arginine R71 found mutated in some patients suffering from TMEM165-CDG. The acidic and hydrophilic residues in the repeated motifs were found to be important for calcium tolerance and transport activity of Gdt1p (colored in blue). CDG = congenital disorders of glycosylation; SVM = support vector machine; TM = transmembrane domains; TMEM165 = transmembrane protein 165
( Figure 4 ) and that all mutants but one are expressed at a similar or higher level than the WT Gdt1p. Nevertheless, no correlation can be made between the calcium sensitivity of the mutants and their abundance. Indeed, regarding the calcium-sensitive mutants, E204A
and S209A seem to be expressed at the same level as the WT Gdt1p, D56A, and T58A are slightly more abundant and E53A and D207A are 2 to 3 times more abundant than the WT Gdt1p.
However, all these mutants display a similar growth defect on
The 17 mutated forms of Gdt1p display a Golgi-localization. The gdt1Δ/pmr1Δ strain was cotransformed with plasmids encoding mutated versions of Gdt1p and a HA-tagged version of Pmr1p. Gdt1p mutants and HA-Pmr1p were labeled using rabbit or rat primary antibodies, respectively, and Alexa Fluor 488-conjugated anti-rabbit IgG and Alexa Fluor 546-conjugated anti-rat IgG. The panels (a), (b), and (c) respectively display the pictures obtained for the mutants from the first motif, second motif, and the cytosolic loop. Differential interference contrast (DIC) and merged (merge) pictures are additionally presented (Scale bar, 5 μm). IgG = immunoglobulin G high-calcium medium suggesting that the growth defect is not due to a lower abundance of mutated Gdt1p. Concerning the mutants of the cytosolic loop, E143A is less abundant than the WT Gdt1p although its growth on calcium-rich medium is not affected. The other mutants of the loop are expressed at a similar level as the WT Gdt1p.
2.5 | The glutamates, aspartates, serine and threonine in the repeated motifs are important for the activity of Gdt1p
Yeast cells respond to saline or osmotic stress by a sudden transient increase in the free cytosolic calcium concentration ([Ca   2+ ] cyt ). This increase is mediated both by Ca 2+ influx through the plasma
membrane channel Cch1p/Mid1p (Matsumoto et al., 2002) and by Ca 2+ release via the vacuolar channel Yvc1p (Denis & Cyert, 2002) .
Using the genetically encoded Ca 2+ sensor aequorin, we demonstrated that the cellular calcium response after the addition of NaCl in the extracellular medium in a pmr1Δ mutant is dependent on the level of expression of GDT1. Indeed, a strain deleted for GDT1 shows a reduced increase in [Ca 2+ ] cyt , while its overexpression enhances the magnitude of the cytosolic Ca 2+ peak (Colinet et al., 2016) . In this study, we used a similar aequorin-based assay to assess the activity of the mutated versions of Gdt1p in a gdt1Δ/pmr1Δ strain. Figure 5B shows the calcium responses obtained for a gdt1Δ/pmr1Δ strain transformed with an empty plasmid (C−, negative control) or with a plasmid expressing the WT GDT1 (C+, positive control). In graphs, we reported the maximum relative calcium concentration (relative [Ca 2+ ] peak )
reached during the calcium response for each mutant ( Figure 5A ).
Significant differences between the [Ca

2+
] peak observed for the strain expressing the endogenous WT version of GDT1 (positive control) and those for the mutants were determined by one-way ANOVA contrasts with a Dunnett Multiple Comparisons Test. Our findings indicate that six mutants display a significant decrease in the calcium response intensity compared to that found in the positive control ( Figure 5A ). As stated for the phenotypic assays, the height of the Ca 2+ peaks is not correlated to the protein abundance of the mutants (Figure 4 ). These six mutations are related to the loss of acidic and polar uncharged residues found in the repeated motifs (E53A, D56A, T58A, E204A, D207A, and S209A), which therefore appear to be key residues required for the activity of Gdt1p, most likely for the binding and translocation of the cation(s). Interestingly, those mutants were likewise shown to exhibit a reduced growth on calcium-containing medium,
suggesting that the Ca 2+ sensitivity comes from a loss of Gdt1p activity. In contrast, no significant difference in the calcium response was observed between the positive control and the mutants of the cytosolic loop or the R71A mutant.
| DISCUSSION
In this study, we identified six important amino acid residues for the function of the yeast protein Gdt1p, a recently discovered Golgi-localized Ca 2+ /H + transporter. To do so, we mutated highly conserved residues into alanine by site-directed mutagenesis.
More precisely, we analyzed the 12 residues predicted to form the repeated motifs, which define the signature of the UPF0016 family, four conserved acidic residues found in the cytosolic loop, and one amino acid identified as mutated in one TMEM165-CDG patient. The importance of the targeted amino acids was studied in terms of Ca 2+ sensitivity, localization, abundance, and activity in a strain lacking Gdt1p and Pmr1p, the Ca
2+
-ATPase of the Golgi apparatus. -containing medium. The gdt1Δ/pmr1Δ strain expressing a mutated version of GDT1 from a plasmid was precultured overnight in minimal medium. The cultures were subsequently adjusted to an OD 600 of 1.2 and serial 10-fold diluted cultures were directly dropped on synthetic medium supplemented with 500 mM CaCl 2 . The plates were observed after four days of incubation at 28°C. C+ and C− respectively correspond to the positive (plasmid encoding a wild-type version of GDT1) and negative (empty plasmid) controls. The mutants displaying a growth defect are framed in blue   FIGURE 4 The single Ala-substitution mutants of Gdt1p display variations in protein cellular abundance. The gdt1Δ/pmr1Δ strain expressing mutated versions of GDT1 from a plasmid were precultured in minimal medium to an OD 600 of 1.2. (a) Expression levels of the different mutants were analyzed by western blotting of total protein extracts using antibodies directed against Gdt1p. C+ and C− respectively correspond to the positive (plasmid encoding a wild-type version of GDT1) and the negative (empty plasmid) controls. (b) Coomassie blue-stained polyvinylidene fluoride membranes were used as loading controls 3.1 | The Ca 2+ -binding pocket of Gdt1p is most likely composed of the glutamates, aspartates, serine, and threonine found in the repeated motifs
We first targeted our mutagenesis at the two repeated motifs
E-φ-G-D-[KR]-[TS] of Gdt1p. The high level of conservation among
orthologs and the polar nature of the domains, added to their localization in two TM predicted to form a pore, led us to hypothesize that they could play a key role in the transport of cations. These repeated motifs can be referred to as the signature motifs found in CaCA exchangers. Although their sequence is specific to each subfamily of CaCA transporters, the nature of the residues composing these motifs is preserved and confers them with a hydrophilic character (Cai & Lytton, 2004) . Each motif possesses one aspartate or glutamate residue remarkably conserved among the five groups of CaCA transporters. The crystal structures obtained for NCX_Mj (Liao et al., 2012) , CAX_Aj (Nishizawa et al., 2013) , and VCX1_Sc (Waight et al., 2013) revealed that these acidic residues are involved in the sequential binding of both Ca observed between the mutants but, as will be further discussed, could not be directly correlated to the observed phenotypes.
In contrast, the six other amino acids composing the repeated motifs (I54, G55, K57, L205, G206, and R208 in the first and second motif) do not appear to be needed for the function of Gdt1p. The fact that the I54A and L205A mutations do not affect the subcellular localization, the Ca 2+ tolerance, and the transport activity is consistent with their poor level of conservation, likely underscoring a minor role for those residues. In contrast, the glycines at positions 55 and 206 are well conserved. Besides, glycines were reported to ensure the structural flexibility needed for conformational changes of the K1 channels (Jiang et al., 2002) and the sarco/endoplasmic reticulum Ca
2+
-ATPase (Toyoshima & Nomura, 2002) among others. Nevertheless, we cannot exclude their contribution to the conformational flexibility of Gdt1p, as glycines were mutated into alanines, which are structurally close enough to take over their role. Finally, the basic residues K57 and R208 have not been identified as important. Such basic residues are often encountered at the periphery of proteins, but none of them were
shown to specifically belong to signature motifs of the CaCA members
Six mutants in the repeated motifs of Gdt1p display a significant decrease in the calcium response intensity. (a) Using an aequorin-based assay, we monitored the intensity of the calcium response in a gdt1Δ/pmr1Δ strain expressing single ala-substitution mutants of Gdt1p after application of a salt stress. C+ and C− respectively correspond to the positive (plasmid encoding a WT version of GDT1) and the negative (empty plasmid) controls. The maximum [Ca 2+ ] reached during the calcium response for each mutant is represented as relative to the C+ mean value. The values are expressed as means ± SEM (n = 6-20). Data were statistically analyzed by one-way analysis of variance contrasts followed by a Dunnett Multiple Comparisons Test. (b) Example curves of the calcium response monitored for C+ and C− (Cai & Lytton, 2004) . However, the basic residues found in the Na + / Ca 2+ exchanger NCX1 were demonstrated to provide stability to the second calcium-binding domain (CBD2) of the cytosolic loop (Hilge, Aelen, & Vuister, 2006) . In the absence of calcium, they indeed limit electrostatic repulsion between neighboring negatively charged residues by forming salt bridges, therefore preventing alteration of the folding of this acidic domain.
Altogether, these studies confirm the role of Gdt1p in calcium homeostasis and enable the identification of key residues for the transport activity. However, our data do not provide any direct evidence regarding the direction of Ca 2+ transport by Gdt1p. As reported, in the case of a Ca A similar regulation mechanism involving acidic motifs of the cytosolic loop was recently proposed for Vcx1p. The tridimensional structure of this latter protein revealed an α-helical secondary structure in which two glutamate residues are involved in the coordination of two calcium ions (Waight et al., 2013) . Gdt1p possesses a high number of acidic amino acids in its central loop (16 out of 57 residues), some being clustered, making them good candidates to form acidic motifs. In this project, we mutated into alanine four acidic residues of the cytosolic loop (E141, E143, D155, and D165) of Gdt1p. They all are well conserved and localized at various positions in the loop. No phenotype related to those mutants was observed. The only significant observation is the relatively lower protein abundance of the E143A mutant. However, it is neither linked to calcium sensitivity nor to a decreased calcium peak. One could therefore hypothesize that this mutant is hyperactive. Alternatively, this mutation could reduce the western blotting signal because anti-Gdt1p antibodies are directed against the cytosolic loop of the protein. Therefore, we cannot exclude that E143 is part of one major epitope recognized by our antibodies. Given the high number of acidic residues in this region and their clustering, we cannot exclude a potential role for those residues. Mutating single Glu or Asp in the central loop might indeed not be sufficient to affect the function of Gdt1p. Combining several mutations in the loop is necessary to answer the question.
| Is yeast Gdt1p a good model to understand TMEM165-CDG?
It was recently shown that mutations of the amino acids E108 and R126 in TMEM165 trigger TMEM165-CDG. In our analysis, we assessed the importance of the Gdt1p residues E53 and R71, corresponding to the TMEM165 E108 and R126. These two residues respectively are found mutated to glycine and histidine in TMEM165-CDG patients (Foulquier et al., 2012; Schulte Althoff et al., 2016) . The R71A mutation did not affect growth, expression, or activity of Gdt1p, which led us to classify this arginine as nonessential in yeast. This apparent discrepancy can be explained by the fact that the TMEM165 R126 belongs to the lysosomal targeting motif YNRL in human, which is not present in yeast.
The tyrosine, a key residue of the YXXφ motif (Renard, Demaegd, Guerriat, & Morsomme, 2010) , is indeed not conserved in Gdt1p.
Additionally, we showed that the TMEM165-R126H mutant mislocalizes at the plasma membrane instead of the Golgi apparatus (Rosnoblet et al., 2013) , whereas the Gdt1-R71A mutant well localizes at the Golgi apparatus. The data obtained in this study are consistent with previous complementation assays in which it was shown that the R71H mutant is able to complement the absence of Gdt1p and restore growth on a calcium-rich medium, thereby strengthening the fact that the arginine at position 71 is not essential in yeast (Rosnoblet et al., 2013) . Defects found in TMEM165-R126H patients are therefore most likely due to mistargeting of the protein rather than to a loss of its activity. Of course, this statement needs to be further confirmed by directly measuring the transport activity of the TMEM165 protein.
We however found that the second disease-related mutation analyzed in this study, the E53A point mutation, leads to the inactivation of Gdt1p in yeast. This latter observation is consistent with the CDG phenotype observed in the patient harboring this mutation at the corresponding position in TMEM165. We therefore suggest that this patient possesses an inactive form of TMEM165. Again, this hypothesis should be further confirmed by directly measuring the transport activity of TMEM165. Altogether, these results illustrate that analyzing mutated forms of Gdt1p is helpful to assess the importance of the corresponding amino acids in the localization and function of TMEM165.
In conclusion, we identified six essential amino acids in the The S. cerevisiae double-deletant BY gdt1Δ/pmr1Δ strain used in this study was obtained in our laboratory 
| Site-directed mutagenesis
Thirteen out of the 17 mutants with single alanine substitutions were generated by the Quikchange method using the pRS416-pTPI-GDT1
as a parental plasmid. This vector encodes GDT1 under the control of the constitutive TPI (triose-phosphate isomerase) promoter and was obtained in our laboratory . Phusion polymerase was used for DNA amplification (preheating at 98°C for 5 min; 16 or 30 cycles at 98°C for 10 s, 55°C for 20 s, and 72°C for 4 min; final elongation at 72°C for 10 min). After polymerase chain reaction (PCR), the methylated parental plasmid was digested with DpnI (1 U/ μL) at 37°C for 1 hr. The four other mutations were inserted by triple PCR using overlapping oligo primers containing the desired nucleotide changes (Ho, Hunt, Horton, Pullen, & Pease, 1989) . annealing temperature was decreased to 50°C for the third reaction (primers a and d). The XbaI and XhoI restriction sites were incorporated, respectively in primers a and d, allowing the subsequent digestion of the amplified PCR products and their insertion into the pRS416-pTPI plasmid. The plasmids encoding the mutated version of GDT1 were analyzed by DNA sequencing to confirm the integrity of the mutant gene and then inserted in the yeast gdt1Δ/pmr1Δ strain according to the method described by Gietz, St Jean, Woods, and Schiestl (1992) . The primers used to insert the 17 single-point mutants and for sequencing are listed in Table 1 .
| Immunofluorescence
Immunolocalization was carried out according to the protocol developed in our laboratory . The primary rabbit anti-Gdt1p or rat anti-HA antibodies were added at a dilution of 1:50. The secondary antibodies, anti-rabbit IgG conjugated to Alexa
Fluor 488 or anti-rat IgG conjugated to Alexa Fluor 546 (both from Invitrogen), were used at a dilution of 1:100. Pictures were obtained using a Leica DMR epifluorescence microscope with a 100-time oil immersion objective and were taken with an Orca AG Hamamatsu digital CCD camera driven by Wasabi 2.0 software.
| Yeast growth assays
Drop tests were carried out as described by Demaegd et al. (2013) onto the appropriate solid media.
| Yeast total protein extracts
Yeast total protein extracts were prepared from amounts of cells equivalent to 2.5 mL of a culture with an OD 600 of 1.2 (Morsomme et al., 2002) . then determined by the method of Smith et al. (1985) .
| Antibodies and western blotting
Routinely, 15-20 μg of proteins were mixed with 4-time concentrated sample buffer (0.32 M Tris-HCl pH 6.8, 8% SDS, 40% glycerol, and 0.02% bromophenol blue). Proteins were separated on a 10% SDS/ PAGE gel, and western blotting analysis was carried out . Primary rabbit polyclonal anti-Gdt1p antibodies (1:333)
were previously produced in our laboratory .
Horseradish peroxidase-coupled anti-rabbit IgG (1:10,000) antibodies were purchased from Biognost. ] cyt values were calculated using the method described by Allen, Blinks, and Prendergast (1977) .
| Aequorin assay
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